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1
LOAD CURRENT SENSING IN VOLTAGE
REGULATOR

BACKGROUND

Unless otherwise indicated, the foregoing is not admitted
to be prior art to the claims recited herein and should not be
construed as such.

Manufacturers of electronic devices, especially portable
battery powered devices, usually require information about
how much power is being consumed by various electronic
components in electronic devices. Knowing the amount of
current being delivered to a load can be useful in a wide
variety of applications. For example, in low-power elec-
tronic devices (e.g., smart phone, computer tablets, and
other consumer electronics) the supply current can be moni-
tored to understand the system’s impact on battery life for
purpose of power optimization of the device and end user
applications.

Low dropout (LDO) voltage regulators are common in
portable electronic devices. Generally, a current sensor is a
circuit that can detect a current (e.g., current through a load)
and produce an output signal (e.g., current) that is represen-
tative of the detected current.

SUMMARY

In accordance with some aspects of the present disclosure,
a circuit may include an input node and an output node. A
first output device may be electrically connected between
the input node and the output node. The circuit may include
a regulator configured to control current flow through the
first output device to regulate a voltage at the output. The
circuit may include a current sense circuit configured to
produce a signal indicative of the flow of current through the
first output device. The current sense circuit may include an
error amplifier and a second output device. The error ampli-
fier may be configured to control the second output device
to produce the signal indicative of the flow of current
through the first output device. The current sense circuit may
be further configured to perform a first kind of offset
compensation operation to reduce an offset voltage in the
error amplifier and to perform a second kind of offset
compensation operation different from the first kind of offset
compensation operation to also reduce the offset voltage in
the error amplifier.

In accordance with some aspects of the present disclosure,
a method may include regulating an output voltage at an
output node of the circuit. The method may further include
sensing a current flow at the output node and generating a
control signal in response to the current flow at the output
node. The method may include controlling an output device
using the control signal to produce a signal indicative of the
current flow at the output node. The method may include
reducing an offset in the control signal, including performing
a first kind of offset compensation operation and performing
a second kind of offset compensation operation different
from the first kind.

In accordance with some aspects of the present disclosure,
a circuit may include means for regulating an output voltage
at an output node of the circuit. The circuit may further
include means for sensing a current flow at the output node,
means for generating a control signal in response to the
current flow at the output node, means for producing a signal
indicative of the current flow at the output node using the
control signal; and means for reducing an offset in the
control signal, including means for performing a first kind of
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2

offset compensation operation and means for performing a
second kind of offset compensation operation different from
the first kind.

The following detailed description and accompanying
drawings provide a better understanding of the nature and
advantages of the present disclosure.

BRIEF DESCRIPTION OF THE DRAWINGS

With respect to the discussion to follow and in particular
to the drawings, it is stressed that the particulars shown
represent examples for purposes of illustrative discussion,
and are presented in the cause of providing a description of
principles and conceptual aspects of the present disclosure.
In this regard, no attempt is made to show implementation
details beyond what is needed for a fundamental understand-
ing of the present disclosure. The discussion to follow, in
conjunction with the drawings, makes apparent to those of
skill in the art how embodiments in accordance with the
present disclosure may be practiced. In the accompanying
drawings:

FIG. 1 is a high level block diagram of an electronic
device having a voltage regulator in accordance with the
present disclosure.

FIG. 2 is a high level block diagram of a voltage regulator
in accordance with the present disclosure.

FIG. 2A shows a PMOS version of a voltage regulator in
accordance with the present disclosure.

FIG. 3 shows an illustrative embodiment of a voltage
regulator in accordance with the present disclosure.

FIG. 3A shows details of an error amplifier in accordance
with some embodiments.

FIG. 4 illustrates an example of chopping.

FIG. 5 shows a timing chart for clock signals in accor-
dance with some embodiments.

FIG. 6 shows a clock circuit in accordance with some
embodiments.

FIG. 7 illustrates a configuration of a voltage regulator in
sampling mode in accordance with some embodiments.

FIGS. 8 and 8A illustrate an example of input chopping in
an error amplifier in accordance with some embodiments.

FIGS. 9 and 9A illustrate an example of output chopping
in an error amplifier in accordance with some embodiments.

DETAILED DESCRIPTION

In the following description, for purposes of explanation,
numerous examples and specific details are set forth in order
to provide a thorough understanding of the present disclo-
sure. It will be evident, however, to one skilled in the art that
the present disclosure as expressed in the claims may
include some or all of the features in these examples, alone
or in combination with other features described below, and
may further include modifications and equivalents of the
features and concepts described herein.

FIG. 1 shows an illustrative representation of an elec-
tronic device 100 in accordance with embodiments of the
present disclosure. In some embodiments, for example, the
electronic device 100 may be a portable computing device
such as a laptop computer, a computer tablet, a smartphone,
and so on. In other embodiments, the electronic device 100
may be a power supply, a battery charger, and so on.

The electronic device 100 may include a voltage regulator
102 to regulate an input voltage V,, to produce a regulated
output voltage V.. In some embodiments, a power source
12 that supplies the input voltage V,, may be internally
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provided, for example, via a battery. In other embodiments,
the power source 12 may be externally provided.

The regulated output voltage V,,, may provide power to
various device electronics 14 that comprise the electronic
device 100. A power monitoring circuit 16 may monitor the
power consumption of the device electronics 14. In some
embodiments, the power monitoring circuit 16 may be an
application processor that can monitor and manage power
usage of the device electronics 14. In some embodiments,
for example, the voltage regulator 102 may provide a signal
Sense,,, that is indicative of the load current I, ,, that is
flowing into the device electronics 14. The power monitor-
ing circuit 16 may use this information to monitor or
otherwise track power consumption of the various subsec-
tions that comprise the device electronics, especially where
low power consumption is important. The power monitoring
circuit 16 may optimize power consumption in the electronic
device 100 (e.g., both system functions and end user appli-
cations) and maximize battery life (e.g., time before battery
is drained). Additionally, in the realm of mobile electronic
devices, a main objective may be long battery life. In some
other applications (e.g., electronic devices used in server
farms) the objective could be minimization of heat and
cooling requirements.

FIG. 2 shows an illustrative embodiment of a voltage
regulator 102 in accordance with the present disclosure. The
voltage regulator 102 may include means for regulating an
output voltage V_,, at an output node 208. In some embodi-
ments, for example, the means may include a low dropout
(LDO) regulator 202. The LDO regulator 202 may include
a power output device M,,,.,. In some embodiments, for
example, power output device M, may be a suitable
power MOSFET device used to drive a load (e.g., device
electronics 14, FIG. 1) at output node 208. The power output
device M, may be connected between the input node 206
and the output node 208. For example, the power output
device M,,,,, may have a first terminal (e.g., drain) con-
nected to input node 206 and a second terminal (e.g., source)
connected to output node 208. In a particular embodiment,
M,,,, is an NMOS device. It will be appreciated, however,
that persons of ordinary skill will understand that a PMOS
version of the circuit can be easily implemented.

The LDO regulator 202 may include a regulator section
connected to the power output device M, . In some
embodiments, the regulator section may include an error
amplifier 212 and a feedback path. The error amplifier 212
may have an input (e.g., non-inverting input) connected to a
reference voltage V,,, and another input (e.g., inverting
input) connected to the feedback path. The feedback path
may comprise a resistor divider network, R,, R, to feed back
a portion of the output voltage V_,, to the input of error
amplifier 212. The portion of the output voltage V,,, fed
back to amplifier 212 may be compared to reference voltage
V,sto produce an output (error signal) to control the gate of
power output device M, and hence regulate the output
voltage V_ . to a value depending on the reference voltage
Vref'

The voltage regulator 102 may further include a current
sense circuit 204. The current sense circuit 204 may include
means for sensing a current flow [, ; at the output node 208.
In some embodiments, for example, the means for sensing
may be a sense device M,,, ., connected to the power output
device M, in a current mirror configuration. The sense
device M__,,.. may be an NMOS device, although a PMOS
device may be used in other embodiments. The current
through sense device M., can therefore mirror the current
through power output device M Since sense device
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M serves to indicate current flow, sense device M, .

can be made much smaller than power output device M,
in order to save on circuit area of the voltage regulator 102.
Accordingly, the size (e.g., width/length ratio, W/L) of sense
device M., may be several hundreds to thousands of times
smaller that the size of power output device M,, .

The current sense circuit 204 may further include means
for producing a signal Sense,,, that is indicative of the
current flow at output node 208. In some embodiments, for
example, the means may be a current sense output device
M., connected in series with the sense device M,,,,... The

current sense output device M_, .. may be an NMOS device.
In some embodiments, the signal Sense,,, may be the

out

current I through the current sense output device M_,..
The current 1, flowing through current sense output
device M_ .. may be controlled by a control signal 216 at the
gate of M_,,.. Means for generating the control signal 216

may include an error amplifier 214 connected to the current
sense output device M_,.. The error amplifier 214 may be
configured as a high gain feedback loop to compare the V¢
across power output device M, and the V ,,; across sense
device M_,,.. to produce an output as control signal 216.
Control signal 216 can control the voltage V¢ across sense
device M_,,,.. by controlling the current I, through the
current sense output device M_, .. and hence through M, ...

The error amplifier 214 may have an internal DC offset,
for example, due to imperfect matching of the components
that comprise the error amplifier 214. Accordingly, the
control signal 216 produced by error amplifier 214 can
exhibit an offset which can ultimately lead to errors in the
signal Sense,,,. In accordance with the present disclosure,
the current sense circuit 204 may further include means for
compensating for the offset in control signal 216. In some
embodiments, for example, the means may include offset
reduction circuitry 218. In accordance with the present
disclosure, the offset reduction circuitry 218 may operate at
the inputs and the output of error amplifier 214 to reduce the
internal DC offset.

As noted above, the voltage regulator 102 in FIG. 2 uses
NMOS devices. One of ordinary skill will appreciate that a
PMOS version can be easily realized. FIG. 2A shows a
voltage regulator 102' that uses PMOS devices. For discus-
sion purposes, however, the NMOS version shown in FIG.
2 will be used.

FIG. 3 shows the voltage regulator 102 with additional
detail of offset reduction circuitry 218 in accordance with
some embodiments of the present disclosure. In some
embodiments, the offset reduction circuitry 218 may include
means for performing offset compensation operations of a
first kind and means for performing offset compensation
operations of a second kind. In some embodiments, for
example, the means for performing offset compensation
operations of a first kind may include sampling switches
S1-S8 and capacitors C,, and C,_,,. Each of the sampling
switches S1-S8 may be operated in an OPEN state or a
CLOSED state in accordance with clock signals (phases) ¢1
and ¢2. The offset reduction circuitry 218 may include a
clock generator 302 that is configured to produce ¢1, ¢p2. As
will be explained in more detail below, the sampling
switches S1-S8 may be operated by ¢1, ¢2 to perform an
offset compensation operation referred to herein variously as
offset sampling, sampling mode, and the like.

In accordance with the present disclosure, the means for
performing offset compensation operations of a first kind
may further include Miller compensation to achieve more
stable operation of the error amplifier 214. Accordingly, in
some embodiments the means for performing offset com-
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pensation operations of a first kind may include Miller
compensation capacitors (Miller caps) C,,;, C,,. Each
Miller cap C,,;, C,,, may be connected to the error amplifier
214 by ¢1, ¢2 during offset sampling. The error amplifier
214 may have anoden_, . to which the Millercaps C,,,;, C,»
may be connected.

Referring to FIGS. 3 and 3A, in some embodiments, the
means for performing offset compensation operations of a
second kind may include input chopping switches Sc1-Sc4
shown in FIG. 3 and output chopping switches Sc5-Sc10
shown in FIG. 3A. Each of the input and output chopping
switches Sc1-Sc10 may be operated in an OPEN state or a
CLOSED state in accordance with ¢A and ¢B. The clock
generator 302 may further be configured to produce ¢A, ¢pB.
As will be explained in more detail below, the input and
output chopping switches Sc1-Sc10 may be operated by ¢ A,
¢B to perform an offset compensation operation referred to
herein as “chopping” (chopping operation, etc.).

Chopping refers to the swapping of the inputs in,, in, of
error amplifier 214 concurrently with reversal of the polarity
of the output out,,,, of error amplifier 214. Referring for a
moment to FIG. 4, a simplified example illustrates chopping.
FIG. 4 shows two circuit configurations. On the left, input A
is shown connected to the non-inverting input of amplifier G
and input B is shown connected to the inverting input. The
output C is shown having a given polarity (e.g., plus). When
the amplifier G is chopped, the configuration is changed as
shown on the right. The inputs are swapped (flipped,
reversed, etc.); i.e., input A is now shown connected to the
inverting input of amplifier G and input B is shown con-
nected to the non-inverting input. The polarity of output C
is reversed in order to maintain the proper polarity due to the
inputs having been swapped. When the amplifier G is
chopped again, the configuration reverts to the left side
configuration, and so on.

Continuing with FIG. 3A, details of error amplifier 214 in
accordance with some embodiments are shown. The error
amplifier 214 may include an input stage comprising NMOS
devices M1a, M2a, connected to inputs in,, in, respectively.
The error amplifier 214 may include a folded cascode stage
comprising NMOS devices M2a, M2b, M3a, M3b, Mda,
M4b, M5a, and M5b. An output stage of error amplifier 214
may include NMOS devices M6, M7, M8, and M9 to
provide the output out,,,, of error amplifier 214. As will be
shown below, the output chopping switches Sc5-Sc10 can
reverse the polarity at the output out,,,,,.

FIG. 5 illustrates various timing diagrams showing the
relative timing between phases ¢1, ¢2, ¢A, and ¢B in
accordance with the present disclosure. In accordance with
some embodiments, for example, phase ¢1 may be inverted
relative to $2. When ¢1 is HI, ¢2 is LO and vice versa;
likewise with ¢A and ¢B. When a phase is LO, its corre-
sponding switch may be set to the OPEN state and con-
versely when a phase is HI, its corresponding switch may be
set to the CLOSED state. The OPEN/CLOSED convention
shown in FIG. 5 can be used herein without loss of gener-
ality. In other words, in other embodiments, switches S1-S8
and Sc1-Sc10 may be in the OPEN state when the corre-
sponding phase is LO, and CLOSED when the correspond-
ing phase is HI.

In accordance with the present disclosure, the error ampli-
fier 214 may operate in sampling mode when ¢1 is HI (2
LO); e.g., see attime t, in FIG. 5. Conversely, when ¢1 is LO
(¢2 HI) offset sampling is not active and the error amplifier
214 may operate in regulation mode; e.g., see times t; and t,.
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Further in accordance with the present disclosure, chopping
may occur at the rising and falling edges of ¢ A and ¢B; e.g.,
see times t, and t;.

FIG. 6 illustrates an example of clock generator 302
shown in FIG. 3. It will be appreciated that any suitable
implementation of clock generator 302 may be used. The
clock generator 302 may include an oscillator 602 that
operates at a frequency of f,. A clock generation circuit 604
may receive the output of oscillator 602 to produce phases
¢1, $2, pA, and ¢B. Persons of ordinary skill can implement
any suitable circuitry for clock generation circuitry 604 to
produce clock signals defined according to the timing dia-
gram shown in FIG. 5.

FIG. 7 illustrates the configuration of sampling switches
S1-S8 and the configuration of input chopping switches
Sc1-Sc4 during sampling mode; e.g., when ¢1 is HI and ¢2
is LO. As can be seen in the timing diagram of FIG. 5,
sampling mode coincides with phase ¢A, so the input
chopping switches Sc1 and Sc3 are in the CLOSED state and
Sc2 and Sc4 are in the OPEN state during sampling mode.

When the error amplifier 214 is in sampling mode,
sampling switches S1, S3, S4, and S8 are in the CLOSED
state and S2 and S5-S7 are in the OPEN state. This con-
figuration of the sampling switches S1-S8 electrically dis-
connects the error amplifier 214 from the gate of current
sense output device M_,,., and thus separates control of
M., from error amplifier 214.

As shown in FIG. 7, the voltage V¢ across power output
device M,,, ., may be connected directly to the non-inverting
input in, of error amplifier 214 via sampling switch S1, and
not through capacitor C,. The output out,,,,,, of error ampli-
fier 214 may feed back to the inverting input in, of error
amplifier 214 via input chopping switch Sc3. In principle,
the feedback drives the voltage difference between the
drains of M., and M, . to zero. The output out,,,,, of error
amplifier 214 will be at a proper voltage level to accommo-
date that (e.g., on the order of Volts). However, in practice
the device components (e.g., FIG. 3A) that comprise error
amplifier 214 may not be precisely matched; e.g., due to
tolerance variations, process variations during fabrication,
and so on. Accordingly, a voltage is likely to occur at the
output out,,, of error amplifier 214 even when the same
voltage is applied to the non-inverting and inverting inputs
in,, in,. This voltage may be referred to as a DC offset
voltage and can manifest itself in the output of error ampli-
fier 214 as a DC level that is added to the output.

In accordance with the present disclosure, this offset
voltage may be stored (sampled) onto capacitor C,, via
sampling switch S3. In some embodiments, capacitor C_
may be implemented using metal insulator metal (MIM) or
metal oxide metal (MOM) technology in order to achieve a
size suitable for holding an offset voltage (which can be plus
or minus) of sufficient magnitude. The size of capacitor C_,
can determine how often offset sampling must be performed.

The gate of current sense output device M_,,.. is not driven
by the error amplifier 214 during sampling mode because the
error amplifier 214 is disconnected from the gate of M.
Accordingly, the charge stored in capacitor C,,,; can hold
the gate of M_, .. during sampling mode. The capacitor C,,_,,
can therefore prevent the current sense output device M.
from turning OFF during sampling mode. In some embodi-
ments, if ¢1 is sufficiently short in duration, the capacitor
Cois can be kept small and thus may be suitable for
fabrication using the same technology used to fabricate the
voltage regulator 102.

FIG. 8 illustrates the configuration of sampling switches
S1-S8 and the configuration of input chopping switches
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Sc1-Sc4 during regulation mode; e.g. when ¢1 is LO and ¢2
is HI. The configuration in FIG. 8 shows that ¢A is HI and
¢B is LO; the input chopping switches Sc1-Sc4 may be said
to be in “¢A state.” Accordingly, Scl and Sc3 are CLOSED
and Sc2 and Sc4 are OPEN. FIG. 8 shows an example of
regulation in the $A state.

In regulation mode, the error amplifier 214 may operate to
control the current sense output device M_,.. in order to
maintain the V¢ of sense device M, ., equal to the V5 of
the power output device M,, ;. In other words, V 50T M,
can track Vs of M. Accordingly, sampling switch S2
may be CLOSED to connect the V5 of M, to non-
inverting input in, of error amplifier 214 via input chopping
switch Scl. More particularly, V55 0f M, is connected to
the non-inverting input through capacitor C,,. Recall that
capacitor C_ stores the offset voltage that was sampled
during sampling mode. The voltage on capacitor C,, sub-
tractively combines with V3 Of M,,,, which effectively
reduces the DC offset voltage of error amplifier 214.

Sampling switch S6 may be CLOSED to define a feed-
back path from the V. of M, to the inverting input in,
via input chopping switch Sc3. The output out,,,,, of error
amplifier 214 may be connected via sampling switch S5 to
control the gate of current sense output device M_, ... The
Miller cap C,,, may be connected to the output stage of error
amplifier 214 (FIG. 3A), via sampling switch S7, to stabilize
its operation.

FIG. 8A shows the input chopping switches Sc1-Sc4 in a
“¢B state,” where ¢pA is LO and ¢B is HI. Accordingly, Scl
and Sc3 are OPEN and Sc2 and Sc4 are CLOSED. FIG. 8A
shows an example of regulation mode in the ¢B state. A
comparison with FIG. 8 shows that the inputs in,, in, of error
amplifier 214 become swapped when chopping occurs. For
example, suppose the inputs in,, in, of error amplifier 214
are in the configuration shown in FIG. 8, namely V¢ of
M, is connected to input in, and V5 of M, is con-
nected to input in,. At time t, shown in FIG. 5, the inputs in,,,
in, will be “chopped” (flipped, swapped, etc.) and the
configuration will be as shown in FIG. 8A, namely V,; Of
M, is connected to input in, and V,; of M, is con-
nected to input in,. At time t;, the inputs in,, in, will be
chopped again and the configuration will revert to FIG. 8,
and the sequence may repeat at each edge of ¢pA, ¢B.

FIG. 9 shows internal details of error amplifier 214 with
the output chopping switches Sc5-Sc10 that comprise the
folded cascode stage in the ¢pA state. In particular, the Sc5,
Sc8 and Sc10 switches are CLOSED and Sc6, Sc7 and Sc9
switches are OPEN. An input differential current will be
injected to the drain of the fixed bias current mirror of M,
and M, and the sources of the folded cascode devices M,,,,
and M,,. The current difference of branch of My, will be
mirrored by the top PMOS mirror M, , and M,,,. The output
current will be the summation of M, and My, which drives
the following common source stage with a fixed bias current
from Mg M,, and M,, form a current mirror. The signal
current through M, , will be mirrored to M,, and combine
with the signal current through M,,. This signal then drives
the common source stage comprising M. In order to flip the
output polarity, throwing the current switches does three
things: it changes the direction of the current mirroring, it
now taps the output signal from the other branch and also
feeds the Miller compensation signal to the other cascode
device.

Suppose the output chopping switches Sc5-Sc10 in the
folded cascode stage are set as shown in the configuration of
FIG. 9. The output out,,,,,, is referenced to Vs (e.g., ground
potential). At time t, (FIG. 5), the output out,,,, of error
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amplifier 214 will be chopped in response to the clock edges
of ¢A, ¢B, namely the output chopping switches Sc5-Sc10
will be set as shown in the configuration of FIG. 9A. The
polarity of output out,,,, is inverted. At time t;, the output
out,,,, of error amplifier 214 will again be chopped in
response to the clock edges of ¢A, ¢B. The output chopping
switches Sc5-Sc10 will revert to the configuration of FI1G. 9,
and the polarity of output out,,,, will be restored, and the
sequence may repeat at each edge of ¢pA, ¢B.

The above description illustrates various embodiments of
the present disclosure along with examples of how aspects
of the particular embodiments may be implemented. The
above examples should not be deemed to be the only
embodiments, and are presented to illustrate the flexibility
and advantages of the particular embodiments as defined by
the following claims. Based on the above disclosure and the
following claims, other arrangements, embodiments, imple-
mentations and equivalents may be employed without
departing from the scope of the present disclosure as defined
by the claims.

What is claimed is:

1. A circuit comprising:

a linear drop-out regulator including a pass transistor and
a first error amplifier, wherein an output from the first
error amplifier is coupled to a gate of the pass transis-
tor;

a current sense transistor having a source coupled to a
source of the pass transistor, wherein the output from
the first error amplifier is also coupled to a gate of the
current sense transistor;

a current sense output transistor having a source coupled
to a drain of the current sense transistor;

a second error amplifier having a first input terminal
coupled to a drain of the pass transistor and having a
second input terminal coupled to the drain of the
current sense transistor, wherein an output of the sec-
ond error amplifier is coupled to a gate of the current
sense output transistor, and wherein a drain of the
current sense output transistor is an output current node
for the circuit;

offset sampling circuitry configured to compensate for an
offset voltage of the second error amplifier with a first
kind of offset compensation operation; and

chopping circuitry configured to compensate for the offset
voltage of the second error amplifier with a second kind
of offset compensation operation.

2. The circuit of claim 1, wherein inputs of the second
error amplifier are swapped and a polarity of the output of
the second error amplifier is reversed when the chopping
circuitry is configured to perform the second kind of offset
compensation operation.

3. The circuit of claim 1, wherein the circuit further
comprises a clock circuit to control a timing between the
offset compensation operation of the first kind and the
second kind of offset compensation operation.

4. The circuit of claim 1, wherein the offset sampling
circuitry is configured to produce a sample of the offset error
and combine the sample with an input to the second error
amplifier, and wherein the chopping circuitry is configured
to chop inputs to the second error amplifier and the output
of the second error amplifier.

5. The circuit of claim 1, wherein the offset sampling
circuitry comprises a plurality of switches, a first capacitor,
and a second capacitor, the plurality of switches having a
configuration to perform the offset compensation operation
of the first kind wherein the plurality of switches:
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electrically disconnect the second error amplifier from the

first pass transistor;

separate the gate of the current sense output transistor

from the second error amplifier;

charge the first capacitor with the offset voltage; and

electrically connect the second capacitor to the gate of the

current sense output transistor.

6. The circuit of claim 1, wherein the chopping circuitry
comprises a first plurality of switches electrically connected
to inputs of the second error amplifier and configured to
swap the inputs and a second plurality of switches electri-
cally connected to the output of the second error amplifier
and configured to reverse a polarity of the output of the
second error amplifier.

7. The circuit of claim 1, wherein the circuit further
comprises a first compensation capacitor and a second
compensation capacitor that are selectively electrically con-
nectable to an output stage of the second error amplifier, the
first compensation capacitor being connected to the output
stage of the second error amplifier while the first kind of
offset compensation operation is performed, the second
compensation capacitor being connected to the output stage
of the second error amplifier while the first kind of offset
compensation operation is not performed.

8. A method comprising:

in a linear drop-out regulator, driving a gate of a pass

transistor with an output voltage from a first error
amplifier to regulate an output voltage of the linear
drop-out regulator;

driving a gate of a current sense transistor with the output

voltage from the first error amplifier to conduct a
current through the current sense transistor that is
combined with a load current from the pass transistor;
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producing an output voltage from a second error amplifier
responsive to a difference between a drain voltage of
the pass transistor and a drain voltage of the current
sense transistor;

driving a gate of a current sense output transistor posi-

tioned in series with the current sense transistor with
the output voltage from the second error amplifier to
produce an output current at a drain of the current sense
output transistor; and

reducing an offset voltage of the second error amplifier by

performing a first kind of offset compensation opera-
tion and performing a second kind of offset compen-
sation operation.

9. The method of claim 8, wherein performing the first
kind of offset compensation operation includes sampling the
output voltage of the second error amplifier to produce a
sampled output, and using the sampled output as an input to
the second error amplifier, wherein performing the second
kind of offset compensation operation includes swapping
connections at inputs of the second error amplifier and
reversing polarity of the output voltage of the second error
amplifier.

10. The method of claim 8, further comprising receiving
one or more clock signals to control a timing between
performing the first kind of offset compensation operation
and performing the second kind of offset compensation
operation.

11. The method of claim 10, further comprising using the
one or more clock signals to control a plurality of switches
to perform the first kind of offset compensation operation
and to perform the second kind of offset compensation
operation.



